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I.  INTRODUCTION 

The  University  of  Denver,  under  support  by  the  United  States  Army, 

is  involved  in  an  experimental  research  program  to  observe  and  identify 

stratospheric  ions  with  a balloon-borne  mass  spectrometer.  This  effort, 

initiated  in  December,  1972,  has  included  the  design,  construction,  and 

laboratory  testing  of  the  required  flight  instrument  packages  and,  together 

with  Army  scientists,  the  actual  flight  operation  of  the  experiments.  The 

first  instrument  package  constructed,  which  met  with  catastrophic  destruc- 
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tion  in  September,  1975,  has  been  described.  The  second  instrument 
package  has  only  recently  been  completed  and  has  made  only  one  engineer- 
ing flight  to  date.  Some  discussion  of  this  apparatus  will  be  presented 
later  in  this  report. 

The  in  situ  observation  of  ions  in  the  stratosphere  is  by  no  means 
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a trivial  task.  In  the  first  place,  the  expected  ion  density  at  an  altitude 

3 3 

of  about  40  km  is  only  of  the  order  of  10  ions/cm  , while  the  corre- 

17  3 

sponding  neutral  density  is  here  about  10  neutrals/cm  . These  figures 

dictate  the  use  of  a highly  efficient  ion  detection  system,  and  one  which 

will  operate  with  a large  neutral  gas  flow  throughput  capability.  Second, 

ion  species  of  the  type  H+(H  O)  (i.  e.  , hydrated  protons  with  "n"  in  the 

b n 

range  of  2 to  6)  are  expected  to  be  the  major  species  present  in  the 
stratosphere  in  the  altitude  range  of  interest.  Such  highly  clustered 
species  are  only  weakly  bound,  and  the  ion  sampling  system  must  thus 
be  operated  in  such  a way  as  to  minimize  the  destruction  of  these 
clusters  during  their  detection.  Finally,  the  "ion  sampling  orifice" 
must  allow  transmission  of  a large  and  known  fraction  of  the  ambient 
ion  concentration.  The  present  indications  are  that  it  is  this  last 
criterion  which  may  be  the  most  difficult  to  satisfy. 

Preliminary  laboratory  studies  made  with  the  first  flight  instrument 
package  seemed  to  indicate  that  the  overall  ion  sampling  efficiency  was 
orders  of  magnitude  smaller  than  the  initial  (and  crudely  obtained)  expec- 
tation. As  the  difficulty  did  not  appear  to  be  unique  to  the  University 
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of  Denver  experiment,  it  was  decided  to  propose  a laboratory  study  of  the 
ion  sampling  process.  That  is,  can  ions  be  made  to  pass  from  a 2 
Torr  region  to  a high  vacuum  region  through  a small  orifice  under  the 
influence  of  the  neutral  gas  flow  through  the  orifice? 

This  report  describes  the  results  of  these  studies  which  were 
undertaken  with  United  States  Army  support  (ARO  Grant  #DAAG29-76-G- 
0122).  The  proposal  to  ARO  for  these  studies  outlined  a program  of 
systematic  investigation  of  the  ion  transmission  through  small  apertures 
as  functions  of  such  parameters  as  orifice  material,  orifice  diameter, 
orifice  thickness,  sampling  pressure,  draw- in  potential,  and  ion  concentra- 
tion. 

Many  such  studies  were  performed,  some  of  which  will  be  review- 
ed in  Section  III  of  this  report.  It  was  soon  found,  however,  that  the 
low  ion  sampling  efficiency  suspected  from  the  preliminary  studies  made 
with  the  flight  instrument  was  real,  but  could  not  be  traced  to  any  poor 
choices  in  terms  of  the  orifice  parameters  listed  above.  That  is,  the 
behavior  of  the  ion  transmission  was  not  critically  dependent  on  the 
orifice  material  or  configuration  and  behaved  in  about  the  expected  way 
with  orifice  diameter. 

As  the  prime  motivation  for  these  studies  was  to  provide  information 
to  support  the  stratospheric  ion  density  measurements,  a decision  was 
made  to  search  for  the  source  of  the  low  sampling  efficiency  problem 
rather  than  to  pursue  the  initial  program  goals  in  more  detail.  This 
search  was  begun  with  a moderately  extensive  empirical  analysis  of  the 
ion  sampling  problem.  This  analysis  led  to  a possible  explanation  of 
the  ion  sampling  observations,  at  least  in  a qualitative  way.  The  results 
of  this  study  are  summarized  in  Section  IV  of  this  report. 

The  final  task  undertaken  as  a part  of  these  studies  was  an  evalu- 
ation and  optimization  of  the  electrostatic  ion  optics  required  to  move 
the  ions  from  the  ion  sampling  orifice  to  the  quadrupole  mass  spectro- 
meter/particle multiplier  detector.  A simple  and  yet  remarkably  efficient 
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ion-optical  focusing  lens  system  resulted  from  these  studies  and  was,  in 
fact,  incorporated  directly  into  the  second  flight  instrument.  A discus- 
sion of  this  system  and  some  of  its  performance  specifications  is  present- 
ed in  Section  V.  Also  included  here  is  a typical  "mass  scan”  obtained 
with  the  total  laboratory  ion  sampling  system. 

Section  VI  contains  a summary  of  the  efforts  of  this  program,  indicates 
areas  in  which  the  laboratory  evaluations  have  made  contributions  to  the 
total  flight  program  effort,  and  describes  additional  laboratory  work  which 
should  be  helpful  to  the  overall  program.  Attention  is  now  directed  to  a 
brief  description  of  the  laboratory  apparatus  which  was  assembled  for 
these  investigations. 

II.  THE  LABORATORY  ION-SAMPLING  APPARATUS 

The  in  situ  sampling  of  ions  in  the  stratosphere  is  accomplished 
by  the  flight  instrument  package  by  drawing  into  the  instrument  a small 
volume  of  the  atmosphere  and  observing  the  ions  present  in  the  volume. 
Observation  and  identification  of  the  ionic  species  is  made  with  a quadru- 
ple mass  spectrometer/particle  multiplier  detector  operating  in  a high- 
vacuum  environment.  The  problem  thus  becomes  one  of  establishing  a 
total  system  efficiency,  i.  e.  , the  relationship  between  the  detector  count- 
ing rate  and  the  unperturbed  ion  density  in  the  stratosphere. 

In  the  assembly  of  an  experimental  apparatus  to  be  used  to  investi- 
gate the  ion  sampling  problem  in  some  detail,  two  criteria  were  deemed 
to  be  of  considerable  importance.  First,  the  experimental  configuration 
used  for  the  study  should  be  very  similar  if  not  identical  to  the  actual 
flight  instrument  configuration,  at  least  in  those  areas  pertinent  to  the 
ion  sampling  procedure.  Second,  the  apparatus  should  be  simple  and  easy 
to  work  with  and  modify,  and  should  be  one  which  could  be  put  into 
operation  as  soon  as  possible. 

This  latter  requirement  prohibited  construction  of  a new  vacuum 
system  facility  specifically  for  these  studies.  Instead,  an  existing  vacuum 
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tank,  about  32  cm  diameter  and  22  cm  deep,  was  used.  This  stainless 
steel  chamber  was  fitted  with  a 15  cm  diameter  mercury  diffusion  pump, 
cold  baffle,  liquid  nitrogen  trap,  and  main  vacuum  valve,  items  borrowed 
from  other  experiments  in  the  laboratory,  A forepump  was  also  made 
available,  as  was  a capacitance  diaphragm  manometer  and  other  pressure 
measurement  instrumentation.  Thus,  with  the  exception  of  the  "plumb- 
ing" and  fabrication  of  some  special  vacuum  flanges  to  fit  the  vacuum 

system  ports  (for  the  specific  needs  of  these  studies),  the  basic  vacuum 
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apparatus  was  quickly  made  available.  Pressures  of  order  10  Torr 

were  easily  reached  with  the  system  in  a few  hours'  pumping,  and  although 

the  system  was  not  of  optimum  configuration  for  this  work,  it  did  satisfy 

most  of  the  basic  needs  of  the  program. 

The  basic  components  of  the  laboratory  ion  sampling  system  itself 

are  shown  in  Fig.  1.  All  these  components  are,  of  course,  contained  in 

the  vacuum  tank  described  above.  At  the  left  is  situated  a "high  pressure 

sampling  cell"  in  which  the  pressure  can  be  adjusted  between  about  1 and 

100  Torr  to  simulate  various  altitudes  in  the  atmosphere.  Within  this  cell 
241 

is  an  Am  alpha  particle  emitter  which  is  used  as  a source  of  ionization 

for  the  studies  undertaken  here.  This  source  has  an  activity  level  of  700 

7 

microcuries,  producing  about  2.  6 x 10  alpha  particles/sec,  with  an  energy 
of  about  5.  5 meV.  The  position  and  orientation  of  this  source  within  the 
cell  could  be  easily  modified,  as  could  the  positions  and  orientations  of 
various  other  electrodes  within  the  cell  (not  shown)  to  accomplish  a variety 
of  measurements  and  tests.  The  potential  of  the  source,  any  auxiliary 
electrodes,  and  the  orifice  plate  itself  could  be  controlled  externally. 

The  pressure  in  the  main  vacuum  tank  was  typically  between  four 
and  five  orders  of  magnitude  smaller  than  that  in  the  sampling  cell, 
depending  on  the  orifice  size  under  investigation.  As  the  gas  flowed  from 
the  sampling  cell  into  the  main  vacuum  tank,  it  rapidly  expanded  into  the 
conical  shaped  region  beyond  the  orifice.  Ions,  swept  along  with  this  flow- 
ing  gas,  soon  find  themselves  in  a "long  mean  free  path"  condition,  where 
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they  can  be  electrostatically  accelerated,  collimated,  and  focused  into  the 
entrance  aperture  of  the  mass  spectrometer.  Provided  they  are  of  the 
quadrupole  selected  mass,  the  ions  then  traverse  the  spectrometer,  are 
accelerated  to  several  keV,  and  are  counted  by  an  open-faced  particle 
multiplie  r. 

The  details  of  two  "typical"  sampling  orifices  are  shown  in  Fig.  2. 

In  2a  is  found  a cross  section  of  a machined^  orifice  and  in  2b  a cross  section 
of  an  orifice  which  has  been  spotwelded  into  the  orifice  plate.  In  the  lattet. 
case,  the  orifices  were  drilled  or  punched  in  thin  sheet  metal  disks  before 
spotwelding.  Afte  rinsertion,  the  entire  orifice/orifice  p late 
assembly  was  sometimes  coated  to  insure  a continuity  of  surface  con- 
ditions in  the  vicinity  of  the  hole. 

The  orifice  plate  materials  used  were  hardened  steel,  stainless 
steel,  and  tungsten  carbide.  ^ Separate  orifices  from  nickel  and  molyb- 
denum were  tried,  in  most  cases  plated  with  chromium  or  sputtered  with 
molybdenum  after  their  installation.  Detailed  studies  were  not  made  with 
the  laboratory  ion  sampling  system  on  all  these  orifices,  but  enough 
data  were  obtained  from  the  ove  rail  program  to  suggest  that  the  choice 
of  material  or  the  details  of  the  orifice  shape  and  configuration  did  not 
have  a gross  effect  on  the  sampling  efficiency. 

The  ion  optical  system,  composed  of  the  electrodes  between  and  in- 
cluding the  orifice  plate  and  quadrupole  entrance  ape rture,  resulted  from 
study  of  several  different  configurations.  The  configuration  shown  in  Fig. 
1,  which  will  be  described  in  more  detail  in  Section  V,  was  quite  efficient 
and  simple  to  construct  and  could  be  operated  with  only  a few  required 
electrical  potentials.  In  fact,  some  of  the  potentials  used  were  made 
identical  to  other  potentials  required  in  the  flight  instrument  package.  The 
reduction  in  complexity  and  weight  of  the  flight  instrument  constituted  a 
secondary  goal  in  terms  of  the  development  of  any  items  for  the  package. 

For  many  of  the  studies  undertaken  during  this  research  effort,  the 
ion  optical  system  followed  by  the  mass  spectrometer/multiplier  detector 
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were  not  employed.  Rather,  it  was  of  interest  to  determine  the  total  flux 
of  entering  ions  as  a function  of  sampling  cell  pressure,  for  example,  or 
as  a function  of  orifice  material.  For  such  investigations,  the  entire 
electrode  structure  was  replaced  with  a highly  transparent  grid-guarded 
Faraday  cup  ion  collector  just  after  the  orifice  plate.  Various  types  of 
Faraday  cups  were  also  used  to  collect  ions  which  had  traversed  one 
aperture  or  another  to  determine  various  ion  collection  and  focus  efficien- 
cies. 

All  these  various  electrode  structures  were  made  specifically  for  the 
purpose  of  these  studies  as  were  the  electrode  supports  and  a new  "table" 
to  sit  inside  the  vacuum  tank.  The  mechanical  aspects  of  the  system 
allowed  the  components  to  be  changed  quickly  and  yet  preserve  the  coaxial 
alignment  symmetry  along  the  axis  of  the  sampling  configuration.  The 
various  power  supplies,  electrometers,  and  quadrupole  electronics  for 
making  the  studies  reported  here  were  borrowed  from  other  experiments 
underway  in  this  laboratory.  Thus  the  "apparatus  and  equipment"  demands 
on  the  grant  were  not  extensive  and  it  was  possible  to  get  the  investigation 
going  at  an  early  time.  The  early  findings  of  the  program  are  now  reviewed. 

HI.  THE  INITIAL  MEASUREMENTS 

Most  of  the  early  measurements  made  as  part  of  this  research  effort 
were  directed  at  investigating  the  total  number  of  ions  traversing  the  orifice 
as  a function  of  the  sampling  cell  pressure.  To  obtain  these  data,  a Faraday 
cup  was  used  to  replace  the  ion  optics/mass  spectromete r /multiplie  r de- 
tector combination  shown  in  Fig.  1.  Immediately  in  front  of  the  Faraday 
cup  was  a highly  transparent  fine-screen  grid.  This  grid  was  used  to 
slightly  accele rate  the  entering  positive  ions  to  the  Faraday  cup  collector 
and  to  suppress  any  secondary  electrons  liberated  at  the  collector  surface. 

(It  was  also  possible  to  use  the  grid  to  "retard"  the  entering  ions,  there- 
by providing  a crude  measure  of  the  entering  ion  energy.) 


9 


The  results  of  a typical  such  study  are  shown  in  Fig.  3,  where 
the  current  of  positive  ions  is  plotted  as  a function  of  the  sampling  cell 
pressure.  As  noted,  this  study  was  made  in  gas  with  a chrome  plated 
orifice/orifice  plate  surface.  The  orifice  diameter  was  about  110  microns. 

Note  that  the  measured  ion  current  entering  the  sampling  cell  is  not 

a strong  function  of  pressure  in  the  region  above  about  40  to  50  Torr. 

Below  this  pressure,  however,  the  current  begins  to  drop  off  more  and 

more  rapidly  with  decreasing  pressure  and  seems  to  be  approaching  about 

a cubic  pressure  dependence  below  10  Torr  or  so.  The  sensitivity  limit 

-14 

during  these  early  investigations  was  about  10  amp,  the  measurement 
data  below  this  value  being  dominated  by  electrical  noise.  While  the 
results  in  Fig.  3 extend  up  to  about  100  Torr,  it  was,  in  general,  not 
possible  to  go  to  this  high  a pressure  unless  the  smaller  aperture  diam- 
eters were  being  investigated.  Indeed,  even  for  these  data,  the  pumping 
system  was  being  operated  under  an  excessive  gas  load. 

A very  crude  estimate  of  the  number  of  ions  per  second  expected  to 
enter  the  high  vacuum  region  at  about  40  Torr  sampling  cell  pressure 
(the  procedures  used  in  making  such  estimates  will  be  reviewed  in  the 
next  section),  gives  an  entering  ion  current  about  twice  as  large  as  that 
actually  observed  at  this  pressure.  This  kind  of  relative  agreement  is 
clearly  within  the  uncertainty  of  the  crude  prediction  and  is  taken  to  be 
satisfactory.  On  the  other  hand,  the  rapid  fall-off  of  the  entering  ion 
current  with  sampling  cell  pressure  in  the  10  Torr  region  was  initially 
unexpected. 

It  had  always  been  felt  that  the  efficiency  for  transmission  of  ions 
through  the  orifice  would  fall  off  rapidly  in  the  pressure  region  where 
the  ion  mean-free-path  became  of  the  same  order  as  the  orifice  diameter 
or  larger.  In  this  low  pressure  region,  it  is  difficult  for  an  ion  to  ne- 
gotiate the  orifice  without  contacting  the  orifice  plate  surface  during  its 
approach  to  or  transit  through  the  orifice.  This  low  pressure  condition 
(which  is  basically  the  condition  for  establishing  molecular  flow  through 
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the  orifice)  should  apply  to  the  region  below  about  1 Torr  in  Figure  3, 

Thus  the  rapid  fall-off  of  the  measured  ion  current  with  pressure  in  the 
10  Torr  region  occurs  at  about  an  order  of  magnitude  higher  pressure 
than  our  initial  (and  as  before,  very  crudely  obtained)  expectations. 

The  disturbing  thing  about  this  finding  was  the  fact  that  the  first 
flight  instrument  was  designed  to  fly  at  about  40  km  where  the  atmospheric 
pressure  is  of  the  order  of  2 Torr.  At  this  pressure,  the  entering  ion 
current  shown  by  the  data  of  Fig.  3 fell  more  than  2 orders  of  magnitude 
below  what  had  been  initially  expected.  There  was  little  question  but 
that  this  type  of  behavior  was  also  responsible  for  the  essential  lack  of 
ions  observed  when  this  first  flight  instrument  was  tested  in  the  laboratory. 

It  was  initially  postulated  that  the  rapid  fall- off  of  entering  ion  cur- 
rent with  pressure  such  as  exhibited  by  Fig.  3 was  the  result  of  some 
sort  of  surface /electrical  phenomenon.  That  is,  it  was  felt  that  the  surface 
in  the  vicinity  of  the  orifice  sat  at  some  effective  potential  relative  to  the 

"at  rest"  potential  energy  of  a sampling  cell  ion,  and  this  potential  barrier 

10 

was  prohibiting  the  ions  from  entering  the  immediate  orifice  region. 

Such  phenomena  as  contact  potentials,  electrochemical  potentials,  and  ion 
image- charge  potentials  were  invoked  to  explain  the  results. 

One  "model"  that  received  some  early  attention  was  that  the  effec- 
tive cross  sectional  area  of  the  orifice  was  being  reduced  by  some  electro- 
surface phenomenon  such  as  mentioned  above.  If  one  accepts  the  fact  that 
the  surface  in  the  orifice  vicinity  may  be  charged,  a "forbidden  zone'  for 
ions  near  the  surface  can  be  postulated  such  that  any  ion  finding  itself 
within  some  critical  distance  from  the  surface  will  be  attracted  to  it  and 
thereby  lost.  1 1 The  net  effect  of  such  a situation,  of  course,  would  be 
to  reduce  the  effective  orifice  area  for  ion  transmission. 

Two  experiments  came  to  mind  to  test  this  "model."  First,  the 
neutral  gas  flow  through  the  orifice  is  approximately  proportional  to  the 
orifice  area.  12  If,  on  the  other  hand,  a "forbidden  zone"  for  ion  trans- 
mission exists  near  the  perimeter  of  the  orifice,  the  entering  ion  current 
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will  not  be  proportional  to  the  orifice  area.  Second,  if  such  a "forbidden 
zone"  exists,  its  extent  will  probably  be  a function  of  the  orifice  material 
and  geometrical  configuration. 

A study  was  made  of  the  dependence  of  the  entering  positive  ion  current 
as  a function  of  the  orifice  diameter  and  sampling  cell  pressure.  The  results 
are  shown  in  Fig.  4. 

The  lower  curve  shows  the  result  obtained  for  a 1 10  micron  diameter 
orifice,  the  same  one  used  to  obtain  the  data  of  Fig.  3.  The  line  drawn 
through  the  solid  measured  points  is  simply  a "French-curve"  fit  to  the 
data.  The  open  circle  and  open  triangle  data  points  were  obtained  by 
subsequently  increasing  the  orifice  diameter  to  about  150  and  310  microns, 
sequentially.  This  was  accomplished  by  simply  enlarging  the  hole 
diameter  with  miniature  drills.  This  procedure  was  used  in  an  effort  to 
keep  any  other  effects  likely  to  be  encountered  in  changing  from  one  orifice 
size  to  another  to  a minimum. 

The  dashed  curves  situated  ne«.r  the  data  points  for  the  150  and  310 
micron  diameter  orifices  respectively  were  computed.  That  is,  if  it  is 
assumed  that  the  entering  ion  current  for  the  larger  orifices  should  scale 
upward  from  that  obtained  for  the  110  micron  orifice  in  the  same  way  as 
the  neutral  gas  flow  scales,  these  curves  would  result.  Mathematically, 
the  expression  used  was 

iip.d)  = np.d)[-?fjr^-] . i‘> 

where  I (P,  D)  and  I(P,d)  are  the  entering  ion  currents  for  the  large 

diameter  (D)  and  small  diameter  (d)  orifices,  respectively,  and  f(P,  d) 

13 

are  their  relative  conductances.  Thus  by  computing  the  conductance 
ratios  and  using  the  entering  current  curve  I(P,d)  for  the  smaller  orifice, 
the  projected  currents  for  enlarged  orifices  I (P,  D)  were  determined. 

Within  the  combined  uncertainties  of  the  computations  and  the  mea- 
surements, there  is  reasonable  agreement  between  these  measured  and 
computed  results.  The  conclusion  to  be  drawn  from  such  studies  is  that 
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TOTAL  ENTERING  ION  CURRENT  (amp) 
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SAMPLING  CELL  PRESSURE  (Torr) 


FIG.  4.  Ion  sampling  current  versus  sampling  cell  pressure  for  three 

orifice  diameters.  The  two  dashed  curves  for  the  larger  orifices 
are  computed  from  the  solid  curve  for  the  small  orifice.  See  text. 
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the  current  of  entering  ions  does  scale,  at  least  to  within  a reasonable 
approximation,  to  the  orifice  neutral  gas  conductance.  Consequently, 
if  there  is  a "forbidden  zone"  of  the  type  discussed  above,  its  extent 
must  be  rather  small  compared  to  the  orifice  area. 

To  substantiate  this  conclusion,  another  test  was  conducted.  Two 
rather  different  orifices,  but  of  about  the  same  diameter,  were  investi- 
gated. One  of  these  consisted  of  an  orifice/orifice  plate  combination 
which  had  been  plated  to  insure  surface  continuity;  the  other  featured 
different  materials.  One  had  the  features  of  a small  hole  in  a very 
thin-walled  sheet;  the  other  was  more  like  a short  tube,  or  even  a short 
tube  in  series  with  an  aperture.  One  orifice  was  quite  circular;  the 
other  somewhat  more  elliptical  in  shape.  In  short,  the  two  were  about 
as  different  as  could  reasonably  be  made  and  still  preserve  the  basic 
overall  features  of  the  typical  orifices  shown  in  Fig.  2. 

Within  the  limits  of  our  ability  to  compute  the  neutral  gas  conduct- 
ance of  these  orifices,  the  ion  current  entering  the  high  vacuum  system 
was  directly  proportional  to  the  neutral  gas  flow.  Once  again,  therefore, 
the  concept  of  a "forbidden  zone"  did  not  appear  probable,  i.  e.  , there 
was  little  evidence  to  support  the  suggestion  that  the  rapid  fall-off  of 
the  sampling  ion  current  had  anything  to  do  with  any  sort  of  surface 
phenomenon,  at  least  in  terms  of  its  gross  features. 

In  an  attempt  to  gain  some  understanding  as  to  how  the  effect  of 
small  potentials  on  the  orifice  surface  might  affect  the  ion  transmission, 
studies  of  the  type  presented  in  Fig.  5 were  undertaken.  Here  is  plotted 
the  current  of  ions  traversing  the  orifice  as  a function  of  the  orifice 
plate  potential  relative  to  the  remaining  walls  of  the  sampling  cell. 

Note  that  the  positive  ion  current  passing  through  the  orifice  goes 
through  a maximum  at  an  orifice  plate  potential  of  about  0.25  volt. 
(Caution  should  be  taken  here  in  that  there  may  be  a contact  potential 
difference  of  up  to  about  0.  5 volt  between  the  actual  potential  of  the 
orifice  plate  surface  and  that  applied  to  this  electrode.)  For  more 


15 


ORIFICE  PLATE  POTENTIAL  (volts) 


FIG.  5.  Ion  sampling  current  versus  orifice  plate  potential 
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positive  orifice  plate  potentials,  the  ion  current  drops  rapidly,  approach- 
ing zero  at  about  +2  volts.  This  phenomenon  is  interpreted  as  the  in- 
ability of  the  positive  ions  to  overcome  this  motion- reta rding  potential 
barrier  as  the  neutral  gas  flow  pushes  them  towards  the  orifice. 

On  the  other  hand,  application  of  a negative  potential  to  the  orifice 
plate  should  draw  positive  ions  towards  the  plate.  In  fact,  it  does,  but 
this  also  results  in  a decreased  transmission.  A detailed  consideration 
of  the  electric  field  lines  in  the  vicinity  of  the  orifice  itself  indicates 
that  the  field  lines  terminate  on  the  orifice  edge.  Thus  as  the  ions 
approach  the  orifice,  they  are  accelerated  towards  this  edge  and  are 
lost  at  the  surface  as  they  are  moving  through  the  orifice.  Hence  only 
those  ions  approaching  the  orifice  near  its  axis  (where  the  edge  forces 
are  approximately  balanced)  will  get  through.  These  more  or  less 
"centered"  ions  are  felt  to  be  responsible  for  the  "tail"  on  the  enter- 
ing ion  current  extending  to  larger  negative  orifice  potentials. 

It  thus  appears  that  the  maximum  ion  orifice  transmission  occurs 
at  or  near  zero  potential  relative  to  the  "at  rest"  potential  at  which  the 
ions  are  formed.  Furthermore,  small  deviations  on  the  order  of  a few 
tenths  of  a volt  from  this  value  do  not  have  gross  effects  of  the  ion  orifice 
transmission. 

A final  example  of  the  type  of  parameter  study  which  was  under- 
taken during  the  early  part  of  these  investigations  is  the  result  shown  in 
Fig.  6.  As  mentioned  near  the  beginning  of  this  section,  the  Faraday  cup 
ion  collector  located  just  inside  the  orifice  plate  was  fronted  by  a fine- 
screen  grid.  Fig.  6 shows  the  effect  of  the  potential  applied  to  this  grid 
on  the  collected  ion  current. 

Note  that,  for  negative  grid  potentials,  the  positive  ion  collector 

current  is  constant  beyond  about  -10  volts.  Here  almost  all  the  ions 

entering  the  high  vacuum  system  through  the  orifice  are  passing  through 
14 

the  grid  and  being  collected  by  the  Faraday  cup.  As  the  potential  is 
allowed  to  approach  zero,  the  collector  current  drops  slightly,  as  some 


ACCELERATING  GRID  POTENTIAL  (volts) 


FIG.  6.  Ion  sampling  current  versus  accelerating  grid  potential 
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of  the  entering  ions,  being  now  almost  totally  controlled  by  the  flow  of 
the  expanding  neutral  gas,  reach  a sufficient  "off-axis'1  position  to  elude 
the  Faraday  cup.  However,  at  or  very  near  to  zero  grid  potential,  the 
collector  current  drops  abruptly  to  essentially  zero.  This  indicates  that 
few,  if  any,  of  the  entering  ions  have  high  kinetic  energy  as,  if  they  did, 
they  would  be  able  to  overcome  this  retarding  potential  on  the  grid.  The 
conclusion  was  that  the  entering  ions  are  essentially  at  thermal  energy 
as  they  negotiate  the  orifice. 

On  the  basis  of  the  data  presented  in  this  section  and  the  results 
of  other  similar  type  studies,  several  preliminary  conclusions  were  made. 
First,  it  did  not  appear  that  the  choice  of  orifice  material  was  of  crit- 
ical importance  for  the  overall  ion  sampling  efficiency.  Second,  the  ion 
current  passing  through  the  sampling  orifice  seems  to  scale  approximately 
with  the  neutral  gas  flow  conductance  of  the  orifice,  i.  e.  , the  ion  and 
neutral  flow  efficiencies  were  about  the  same  over  the  pressure  range  in- 
vestigated. Finally,  small  electrosurface  or  contact  potential  effects 
should  not  result  in  gross  changes  in  the  total  ion  sampling  efficiency. 

Thus,  in  a sense,  the  sampling  system  itself  appeared  to  be  operat- 
ing in  the  way  it  was  intended  to  operate.  Rather  than  simply  extending 
the  types  of  measurements  presented  here  to  other  orifice  materials 
and/or  orifice  geometrical  configurations,  it  was  decided  to  look  in  more 
detail  at  the  "expected"  sampling  current.  Indeed,  there  was  little  point 
in  spending  great  amounts  of  time  in  attempting  to  improve  the  overall 
system  efficiency  if  it  we  re  al  ready  near  its  optimum.  This  decision  grew 
into  the  material  now  presented. 

[V.  ANALYSIS  OF  THE  ION  SAMPLING  RATE 

As  mentioned  in  the  last  section,  the  current  of  ions  entering  the 
high  vacuum  region  from  the  sampling  cell  was  about  1/2  of  that  expected 
in  the  pressure  range  above  about  40  Torr.  In  this  section,  the  procedures 
used  to  make  such  crude  estimates  of  the  expected  entering  current  are 
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first  reviewed.  A somewhat  more  detailed  analysis  of  the  equilibrium  ion 

density  in  the  sampling  cell  is  found  in  the  latter  part  of  this  section. 

In  the  ion  sampling  cell  of  the  laboratory  ion  sampling  apparatus 

(see  Fig.  1),  ions  are  created  by  alpha  particle  bombardment  of  the 

24 1 

sampling  cell  gas.  As  mentioned  in  Section  II,  the  Am  alpha  source 

7 

has  an  activity  level  of  700  microcuries  producing  about  2.  6 x 10  alpha 
pa rticles /sec.  For  purposes  of  computation,  it  has  been  assumed  that 
this  flux  is  emitted  isotropically  in  the  hemisphere,  i.  e.  , in  the  2ff 
ste  radian  solid  an^it  available  from  the  plane  of  the  source.  Thus  the 
alpha  particle  flux  is  given  by 


F (r) 
a ' ' 


2. 6 x 10  4.1  x 10  , 2 

— = Of's/cm  sec, 

2ff  r r 


(2) 


where  r is  the  distance  from  the  source. 

For  an  alpha  particle  energy  of  about  5.5  meV,  the  ionization  effi- 
ciency in  air  along  a path  is 

4 

fe  2.0  x 10  ion  pairs /a  cm  atm.  (3) 

The  volume  rate  of  ion  and  electron  formation  is  thus 

(iJT -)=  (tt)f  * Fa  Ra  p(atm)-  (4> 

where  P is  the  pressure  in  atmospheres.  Using  the  results  of  equations 
(2)  and  (3)  and  converting  the  pressure  to  Torr  gives 


where  P is  in  Torr. 
o 

Most  of  the  ion  sampling  current  measurements  undertaken  were 
made  with  the  alpha  particle  source  about  2 cm  from  the  orifice.  Thus 
if  the  pressure  dependence  of  equation  (5)  holds  down  into  the  2 Torr 
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region  (this  point  will  be  discussed  in  more  detail  later),  of  order  5 x 
10  ion  pairs/cm  -sec  were  being  produced  in  the  vicinity  of  the  orifice. 
The  ionic  species  produced  in  the  ionization  are  probably  mostly 
electrons  and  molecular  ions.  At  pressures  in  excess  of  10  Torr  or  so, 
the  primary  mechanism  for  loss  of  the  ions  produced  by  the  alpha  par- 
ticle ionization  is  positive  ion-negative  charge  recombinatior.  The  re- 
combination rate  w,  for  electrons  and  positive  molecular  ions  (disso- 

-7  3 

ciative  recombination)  is  typically  2 x 10  cm  /sec.  Recombination 
rates  for  positive  ion-negative  ion  recombination  are  of  comparable 
magnitude,  so  the  conversion  of  electrons  to  negative  ions  (by  some 
attachment  process)  should  not  appreciably  alt“r  the  recombination  rate. 
Because  of  the  large  magnitudes  of  these  rates,  three-body  recombination 
does  not  drastically  alter  the  net  recombination  occurring  in  the  system. 

Since  the  net  ion  loss  rate  should  be  recombination  dominated  in 
this  pressure  range,  neglecting  all  but-  this  simple  effect  gives 


w N 


(6) 


where  N and  n are  the  positive  ion  and  electron  (or  negative  ion)  densities, 
which  are  of  the  same  magnitude.  If  this  approximate  ion  loss  rate  is 
now  equated  with  the  ion  formation  rate  of  equation  (5),  i.  e.  , 


(?) 


one  finds 

N+  * 1.2  x 107  P1/2.  (8) 

o ' ’ 

At  a sampling  cell  pressure,  for  example,  of  about  50  Torr,  the  equilib- 

. + 7 3 3 

rium  ion  density  N is  thus  about  8.5  x 10  ions/cm  . If  1 cm  of  gas 

3 

is  being  conducted  through  the  orifice  per  second,  (i.e.  , a 1 cm  /sec 
orifice  conductance)  an  ion  current  of  about  1.  3 x 10"11  ampere  should  be 
flowing  through  the  orifice  assuming  none  of  the  ions  in  the  1 cm  volume 
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are  lost  in  the  process.  The  conductance  of  the  0.011  cm  diameter 

orifice  which  was  used  to  obtain  the  ion  transmission  vs.  pressure  data 

3 

of  Fig.  3 is,  in  fact,  about  1 cm  /sec.  The  expected  ion  current  of  about 

1.3  x 10  **  ampere  at  50  Torr  is  about  twice  the  observed  value  of  5 x 

- 12 

10  ampere.  This  kind  of  agreement  is  certainly  within  the  accuracy  of 
the  crude  computations  made  (particularly  since  including  three  body  re- 
combination and  a more  detailed  analysis  of  the  ion  reactions  suggest  the 
"expected"  current  is  about  a factor  of  2 high). 

Of  course,  in  this  high  pressure  region,  the  mean-free-path  for 
atomic  collisions  is  very  short,  and  is  much  smaller  than  the  orifice  dia- 
meter (\  4 dia.  ).  Here  the  ion  motion  should  be  rather  completely  domi- 
nated by  collisions  with  the  neutral  gas  molecules.  Thus  the  ions  should 
flow  through  the  orifice  along  with  the  neutral  molecules  and  few  are 
likely  to  be  lost  during  this  transit. 

Note  that  equation  (8)  says  that  the  ion  density  in  the  sampling  cell 
goes  as  the  square  root  of  the  cell  pressure.  If  the  pressure  is  reduced 
from  50  to  5 Torr,  the  ion  density  should  only  go  down  by  a factor  of  3 
or  so.  Fig.  3,  on  the  other  hand,  indicates  an  ion  current  drop  of  about 
2 orders  of  magnitude  for  this  pressure  change.  The  initial  interpreta- 
tion of  this  discrepancy  was  that  the  "ion  transmission  efficiency"  was  a 
rapidly  falling  function  of  decreasing  pressure. 

Some  time  was  spent  trying  to  understand  this  phenomenon.  For- 
bidden zones  (of  the  type  described  in  the  last  section)  were  postulated 
for  ions  close  to  the  cell  or  orifice  plate  walls.  It  was  recognized  that 
diffusion  to  the  walls  would  be  a serious  problem  in  the  vicinity  of  the 
walls  and  various  diffusive  (and  as  mentioned,  electrosurface)  effects  were 
invoked  to  explain  this  rapid  decrease  in  ion  sampling  efficiency.  This 
effort  was  underway  at  the  same  time  that  the  results  described  in  the 
last  section  were  being  obtained. 

One  of  the  early  tests  which  gave  some  insight  into  the  nature  of 
the  problem  was  the  fact  that,  when  measurements  of  the  type  presented 
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in  Fig.  3 were  made  with  negative  ions,  the  drop-off  of  ion  current  with 
pressure  was  even  faster  than  for  positive  ions.  (No  attempt  was  made 
in  these  studies  to  separate  negative  ions  from  electrons.  ) This  and  other 
observations  suggested  that  our  simple-minded  model  for  computing  the 
expected  ion  concentrations  in  the  sampling  cell  was  insufficient  to  give 
even  an  approximate  ion  density  in  the  cell  below  about  10  Torr. 

One  of  the  keys  to  interpretation  of  the  ion  sampling  vs.  pressure 
curves  such  as  shown  in  Fig.  3 was  found  in  consideration  of  the  fate 
of  the  electrons  which  were  produced  in  the  initial  alpha  particle  ioniza- 
tion collisions.  Three  basic  mechanisms  can  be  suggested  to  explain 
the  loss  of  these  electrons;  namely,  electron-positive  ion  recombination, 
negative  ion  formation,  and  diffusion  to  the  walls.  While  the  diffusion  of 
ions  was  not  considered  to  be  of  great  significance  in  the  10  Torr  region, 
the  diffusion  of  electrons  cannot  be  ignored  as  their  diffusion  coefficient 
is  some  orders  of  magnitude  larger  than  that  for  ions. 

By  taking  some  typical  values  for  recombination  rates  between  ions 

and  electrons  (including  three  body)  and  typical  values  for  some  electron 

attachment  rates  to  form  negative  ions  (again,  three  body)  it  was  possible 

to  compute  the  "electron  residence  times"  in  the  sampling  cell  against 

these  loss  mechanisms.  That  is,  how  long  will  an  electron  remain  free 

and  unattached9  It  was  also  possible,  us  ing  an  electron  diffusion  coeffi- 
, 15 

cient  given  by 

D 106/P  . (9) 

e o 

to  compute  the  electron  residence  time  against  diffusion  in  the  cell.  The 
results  of  one  such  computation  are  shown  in  Fig.  7. 

Note  that  for  pressures  above  about  10  Torr,  the  electron  residence 
in  the  cell  is  limited  by  negative  ion  formation.  On  the  other  hand,  at  lower 
pressures,  the  electron  residence  time  is  diffusion  limited.  Interestingly, 
the  electron  residence  time  for  ion-electron  recombination  (which  are  ion 
density  dependent)  do  not  limit  the  residence  time  at  any  pressure. 


ELECTRON  RESIDENCE  TIME  (Sec) 
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SAMPLING  CELL  PRESSURE  (Torr) 


FIG.  7.  Electron  residence  time  in  the  sampling  cell  versus  cell  pressure 
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In  the  region  between  about  2 and  20  Tor r,  the  electron  residence 
time  is  controlled  by  both  diffusion  and  negative  ion  formation  as  approxi- 
mated by  the  heavy  line  in  Fig.  7.  Results  of  calculations  such  as  these 
are  not  to  be  taken  as  accurate  by  any  stretch  of  the  imagination.  Indeed, 
they  are  dependent  on  the  cell  dimensions  and  configuration  (diffusion)  and 
by  the  gas  purity  (attachment).  Nevertheless,  the  data  should  give  an  approx- 
imate identification  as  to  the  fate  of  the  initial  electrons. 

The  trend  of  the  data  in  Fig.  7 is,  in  fact,  of  considerable  signifi- 
cance. At  the  lower  pressures,  these  results  indicate  that  the  electrons 
diffuse  away  very  rapidly.  If  the  electron  densities  are  restricted  by  this 
diffusion  loss,  the  positive  ions  must  also  be  diffusion  limited  as  there 
are  no  negatively  charged  particles  around  for  them  to  recombine  with. 

Thus,  even  though  the  diffusion  coefficients  for  ions  are  orders  of  magni- 
tude less  than  for  electrons^,  diffusion  must  still  play  an  important  role 
in  the  ion  dens  ity  dete  rmination  in  the  sampling  cell. 

Positive  ion  residence  times  were  also  computed.  These  results 
are  not  shown  as  they  are  even  more  approximate  than  those  for  electrons. 
The  general  features  of  the  results,  however,  are  very  similar  to  those 
of  Fig.  7,  i.  e.  , ion  residence  times  are  recombination  limited  above  about 
10  Torr  and  diffusion  limited  at  lower  pressures.  Maximum  residence 
times  on  the  order  of  0.01  to  0.  1 sec  are  found  in  the  10  Torr  region,  as 
compared  to  the  much  smaller  10  ^ sec  residence  times  for  electrons  at 
this  pressure. 

Thus  it  appears  that  the  simple  computation  of  the  sampling  cell  ion 
densities  (assuming  recombination  as  the  only  loss  mechanism)  are  not 
valid  at  10  Torr  and  even  less  valid  at  lower  pressures.  In  fact,  the 
actual  computation  of  ion  densities  in  the  cell  must  be  made  from  the 
relationship 


Formation 


Loss  by 
Diffusion 


Loss  by 
Recomb. 


(10) 
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This  equation  can  be  written  as 


d2N+ 


+ W3BNo>  N N • 


where  N , N , and  N are  the  neutral,  positive  ion,  and  negative  ion 
o 

densities,  D is  the  ion  diffusion  coefficient,  and  w and  w are  the  net 

■f  « ^ J D 

2 and  3 body  recombination  rates  and  K is  a constant.  Note  that  the 
diffusion  term  contains  only  the  x coordinate  derivative  and  that  only  one 
species  each  of  neutrals  and  ions  has  been  allowed.  Even  in  this  gross 
approximation,  however,  equation  (11)  is  second  order  nonlinear  in  N and 
cannot  be  rigorously  solved. 

On  the  other  hand,  if  either  the  diffusion  or  recombination  loss  terms 
can  be  set  to  zero,  a solution  is  possible.  From  data  of  the  type  present- 
ed in  Fig.  7,  an  estimate  of  the  range  of  validity  of  these  approximations 
can  be  obtained.  Thus,  for  pressure  in  excess  of  about  20  Torr,  diffusion 
can  be  ignored  and  N+  and  N should  be  comparable.  Then 

_ 1/2 


r kn  i 

o 

w + w N * 

L 2B  3B  o J 


a solution  very  similar  to  the  initial  estimates  made  in  the  pressure 
range  above  about  40  Torr  except  that  three  body  recombination  has  been 
included. 

In  the  region  below  about  2 Torr,  the  recombination  term  can  be 
ignored  and  the  solution  becomes 


N (x)  = 1/2 


where  x is  the  coordinate  measured  along  the  axis  of  the  ion  sampling 

system  (see  Fig.  1)  from  the  cell  center  (x=0)  and  d is  the  distance  from 

17  + 

the  cell  center  to  the  front  of  the  orifice  plate.  Note  that  N (x)  is  a 
18  + 

parabola,  with  the  largest  N occurring  at  the  cell  center  as  expected. 
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Thus  at  low  pressures,  the  positive  ion  density  in  the  cell  is  parabolic 
in  coordinate  x with  its  maximum  at  the  center  of  the  cell.  As  the  pressure 
is  increased,  the  recombination  limited  value  given  by  equation  (12)  is  reached, 
at  which  time  the  ion  density  becomes  approximately  constant  over  the  center 
portion  of  the  cell.  As  the  pressure  continues  to  increase,  this  "constant 
density"  region  expands  to  fill  most  of  the  sampling  cell  volume. 

In  the  low  pressure  regime,  the  flux  of  ions  reaching  the  orifice  plate 
front  surface  is  given  from  diffusion  theory  as 

.+ 

(14) 


/dN 


J(x)  = 'D+  IdT 


at  x- d 


Using  equation  (13)  for  N and  evaluating  leaves 


J(x)  = KN  d. 

o 


(15) 


If  the  assumption  is  now  made  that  if  an  orifice  is  present  in  this  plate 
and  flux  J(x)  is  incident  on  the  orifice  area,  these  ions  will  go  on  through 
the  orifice,  the  entering  ion  current  will  be 


I 


+ 


2 

e (KN  d ) (la  ) 
o 


(16) 


where  ffa  is  the  orifice  area  and  e the  electronic  charge  unit. 

In  this  low  pressure  limit,  the  motion  of  the  ions  is  entirely  in  the 
t x direction  in  our  model.  Thus  the  only  ions  which  can  traverse  the 
orifice  are  those  in  a "tube"  having  the  same  diameter  as  the  orifice  and 
extending  into  the  cell  from  the  orifice  plate. 

This  is,  of  course,  an  approximation.  In  fact,  the  presence  of  the 
orifice  in  the  orifice  plate  gives  rise  to  a pressure  gradient  radially  towards 
the  orifice  from  every  point  in  the  cell.  There  is  therefore  a net  velo- 
city of  the  gas  molecules  in  a direction  towards  the  orifice.  It  is  only 
under  the  conditions  that  the  diffusion  velocity  in  the  x direction  is  much 
larger  than  the  radial  pressure  gradient  flow  velocity  that  equation  (16)  is 
valid.  While  the  procedures  used  were  only  approximate,  it  was  estimated 
that  this  condition  was  reasonably  satisfied  So  long  as  the  pressure  was 
below  about  1 Torr. 
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On  (he  other  hand,  at  pressures  above  about  20  Torr,  the  pressure- 
gradient-generated  flow  velocity  of  the  neutral  gas  molecules  is  substan- 
tially larger  than  the  now  much-diminished  diffusion  velocity.  Thus,  as 

in  our  earlier  simple  model,  the  ion  motion  is  dominated  by  the  neutral 

3 3 

gas  flow  and.  for  a 1 cm  /sec  conductance  orifice,  about  1 cm  of  gas 

from  the  hemisphere  around  the  orifice  enters  the  system  carrying  the 

ions  along.  The  entering  ion  current  is  thus 

I+  = e f (P)  N+  , (17) 

where,  as  before,  f ( P)  is  the  orifice  conductance. 

The  computations  made  with  equations  (16)  and  ( 17)  for  the  entering 
ion  current  are  compared  with  that  measured  for  gas  with  an  0.031  cm 
diameter  orifice  in  Fig.  8.  (Oxygen  was  used  for  many  studies  as  it  readi- 
ly forms  negative  ions,  and  the  effective  recombination  rates  can  be  better 
estimated  than  for  a sample  in  which  most  of  the  negative  ion  formation 
must  come  from  impurities.  ) 

Note  that  in  the  40  to  50  Torr  region,  the  measured  entering  current 
is  approaching  the  value  computed  assuming  the  ion  densities  in  the  sampl- 
ing cell  are  recombination  limited.  Below  this  pressure,  however,  the 
measured  current  drops  rapidly  and  appears  to  be  approaching  the  lower 
curve  in  the  2 Torr  region,  the  region  where  this  diffusion  limited  sampl- 
ing cell  ion  density  should  begin  to  become  applicable.  It  is  worth  noting 
that,  while  the  computed  curves  are  quite  approximate  in  absolute  value, 
the  results  shown  here  are  absolute,  and  have  not  been  normalized  to  the 
measured  results. 

It  thus  appears  that  the  rapid  fall-off  of  the  entering  ion  current 
can  be  largely  attributed  to  "bridging  the  gap"  between  the  pressure  regions 
where  the  ion  densities  in  the  sampling  cell  are  dictated  by  these  two 
phenomena. 

The  shape  of  the  entering  ion  current-versus-pressure  curve  will 
certainly  be  a function  of  the  apparatus  used  for  the  measurements.  As  such, 
these  results  need  not  apply  to  the  situation  occurring  in  the  atmosphere 


FIG.  8.  Ion  sampling  current  versus  sampling  cell  pressure 
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with  the  actual  flight  instrument.  On  the  other  hand,  there  appears  to  be 
little  question  that  diffusion  effects  may  have  a significant  influence  on 
the  stratospheric  measurements,  a point  which  will  be  discussed  in  more 
detail  in  Section  VI. 

The  shape  of  this  curve  may  also  be  affected  by  other  phenomena. 

For  example,  the  alpha  particle  ionization  process  may  not  depend  on 
pressure  according  to  equation  (5).  As  much  of  the  total  ionization  from 
such  a technique  stems  from  secondary  electron  production  (i.  e.  , where 
the  primary  electrons  produced  have  sufficient  energy  to  further  ionize 
the  target  gas),  the  range  of  the  primaries  becomes  important.  At  lower 
pressures,  these  initial  electrons  may  encounter  the  cell  wall  before  produc- 
ing additional  ionization. 

Wall  effects  have  also  been  ignored.  That  is,  secondary  electrons 
from  alpha  particle-wall  collisions  could  be  having  an  influence  on  the  measur- 
ed currents.  Various  electrode  configurations  were  employed  in  the  ion 
sampling  cell  to  test  for  some  of  these  potentially  troublesome  effects. 

Wiile  these  tests  were  never  completed,  these  workers  found  nothing  which 
would  seem  to  invalidate  the  results  presented. 

Nevertheless,  these  workers  present  the  data  of  this  section  with  con- 
siderable hesitancy.  It  must  be  stressed  that  the  thoughts  presented  are 
only  of  a preliminary  character.  Many  troublesome  problems  exist  and 
were  simply  not  properly  evaluated  because  of  lack  of  time.  The  model 
presented  to  explain  the  observed  results  contains  many  uncertainties  and, 
while  giving  a reasonable  answer,  can  hardly  be  regarded  as  verified.  In 
short,  this  model  must  be  regarded  only  as  "a  possible  explanation"  at  this 
time. 

In  addition,  these  workers  are  not  willing  to  conclude  that  the  shape 
and  material  of  construction  of  an  orifice  will  have  negligible  effect  on 
the  overall  sampling  efficiency.  Factor-of-2  kinds  of  differences  could 
easily  be  possible  for  variations  of  this  kind.  Nevertheless,  it  seems 
unlikely  that  the  gross  features  of  the  entering  ion  current- versus-pressure 
curves  presented  here  can  be  attributed  to  such  effects. 
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V.  THE  ION  OPTICAL  SYSTEM  AND  QUADRUPOLE  MASS  SPECTROMETER 

The  ion  optical  system  which  was  developed  to  bring  the  ions  from  near 
the  sampling  orifice  to  the  quadrupole  mass  spect  romete r/pa  rticle  multiplie r 
detector  was  presented  in  Fig.  1.  This  electrode  arrangement  was  found 
to  be  easy  to  construct  and  keep  in  alignment,  to  have  a large  ion  trans- 
mission efficiency,  and  to  be  operable  with  some  of  the  same  voltages  re- 
quired elsewhere  in  the  flight  instrument  package. 

Note  first  the  region  between  the  back  side  of  the  orifice  plate  and 
the  ion  accelerating  aperture.  The  electric  field  in  this  region  is  similar 
to  that  between  a flat  plate  and  a cone  in  another  flat  plate.  Here  the  equi- 
potential  surfaces  tend  to  flare  down  into  the  cone  recess.  This  gives  rise 
to  a force  on  an  entering  ion  which  always  has  a component  towards  the  axis 
of  the  system.  Thus,  this  arrangement  of  these  two  electrodes  is  basically 
a focusing  configuration.  It  was  typical  to  operate  the  ion  accelerating 
electrode  at  a potential  of  10  volts  relative  to  the  orifice  plate.  Keeping 
this  accelerating  potential  small  is  important  from  the  viewpoint  of  prevent- 
ing the  cluster  ions  entering  the  apparatus  in  the  stratosphere  from  being 
dissociated  in  high-energy  collisions. 

The  combination  of  electrodes  formed  by  the  ion  accelerating  aperture, 

the  i on  focusing  electrode,  and  the  quadrupole  entrance  aperture  have  rather 
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similar  features  to  an  Einzel  lens.  By  application  of  a potential  to  the 
ion  focusing  electrode,  the  ions  coming  through  the  ion  accele  rating  aper- 
ture can  be  made  to  focus  on  the  quadrupole  entrance  aperture.  As  is  the 
case  with  an  Einzel  lens,  the  ion  focusing  electrode  can  be  operated  in  either 
an  accelerating  or  decelerating  mode,  depending  on  the  potential  applied. 

In  general,  lower  applied  potentials  (and  thus  lower  ion  energies)  lead  to 
the  decelerating  mode  operation  which  is  used  here. 

Under  reasonable  operating  conditions,  65  to  70%  of  the  entering  ions 
can  be  made  to  enter  the  quadrupole  mass  spectrometer.  This  highly  effi- 
cient system  is  accomplished,  as  mentioned  above,  with  application  of 
potentials  which  do  not  exceed  10  volts,  a fact  which  should  keep  cluster 
dissociation  to  a minimum. 


31 


The  ion-optical  system  which  was  developed  for  this  laboratory  ion 
sampling  apparatus  was  so  successful  that  it  was  incorporated  directly  into 
the  second  flight  instrument  package. 

The  quadrupole  mass  spectrometers  used  for  this  study  and  for  the 

20 

actual  flight  measurements  are  commercially  available  instruments.  Here 
again,  the  actual  flight  quadrupole  was  tested,  together  with  the  ion  optical 
system  described  above,  in  the  laboratory  facility.  In  general,  it  was 
found  to  be  far  easier  to  accomplish  such  evaluations  in  this  test  apparatus 
than  in  the  actual  flight  instrument  which  was  designed  for  in-flight  specifi- 
cations (convenience  of  laboratory  operation  not  being  such  a specification). 

As  an  example  of  the  mass-scan  data  obtained  with  this  apparatus,  the 
data  of  Fig.  9 are  presented.  These  results,  taken  with  a room  air  sample, 
were  rather  surprising  to  these  workers  in  that  not  a single  trace  of  the 
primary  ions  (which  must  have  been  , 0^+.  etc.)  remain  amongst  the 
sampled  ions.  In  fact,  many  of  the  peaks  shown  were  also  present  when 

runs  were  made  with  "pure"  Ar  targets,  and  are  probably  the  result  of 

...  . 21 
vacuum  line  impurities. 

The  hydrated  proton  peaks  of  mass  55,  73,  91,  and  possibly  109  amu 
are  tentatively  identified  as  the  first  4 peaks.  The  large  mass  peak  at  about 
300  amu  is  not  identified. 

On  another  occasion,  when  the  system  was  operated  immediately  after 
some  new  electrodes  had  been  installed  in  the  ion  sampling  cell,  the  only 
peak  present  in  the  mass  scan  was  about  mass  115  to  120  amu.  While 
identification  was  not  positive,  it  was  remembered  that  just  prior  to  instal- 
lation, the  new  electrodes  had  been  cleaned  in  acetone  (CH^COCH^),  and  an 
acetone  ion-neutral  molecule  cluster  (mass  116  amu)  could  be  responsible 
for  the  ion  observed. 

The  point  of  presenting  such  results  is  to  show  that  cluster  ions,  even 
though  their  species  is  unknown,  are  able  to  survive  as  clusters  during  the 
sampling  process.  The  masses  55  to  109  amu  shown  in  Fig.  9 are  only 
bound  by  typically  0.5  eV  energy.  Nevertheless,  they  seem  to  have  survived 
the  sampling  process  quite  well,  and  there  is  little  reason  to  doubt  that  a 
similar  situation  will  occur  in  the  stratosphere. 
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VI.  SUMMARY  AND  DISCUSSION 

At  the  time  the  proposal  for  these  studies  was  written,  the  "low 
ion  sampling  efficiency"  which  had  been  observed  during  laboratory 
testing  of  the  flight  mass  spectrometer  package  was  attributed  to  an 
inability  on  the  part  of  the  ions  to  survive  traversal  of  the  ion  sampl- 
ing orifice.  It  was  thus  proposed  that  a study  of  ion  transmission  through 
small  orifices  be  conducted  for  a variety  of  orifice  sizes,  configurations, 
and  materials  of  construction. 

Preliminary  studies,  made  with  the  laboratory  ion  sampling  appa- 
ratus built  up  for  this  investigation,  indicated  that  the  "low  sampling 
efficiency"  was  not  primarily  the  fault  of  any  poor  choices  of  orifice 
diameter,  configuration,  or  material.  This  discovery  changed  the  course 
of  the  present  research  effort  which  was  to  provide  laboratory  support 
data  for  the  University  of  Denver  stratospheric  ion  density  measurement 
program. 

A somewhat  detailed  analysis  of  the  rates  of  production  and  loss  of 
ions  in  the  sampling  cell  was  undertaken.  It  was  shown  that  the  ion  loss 
mechanisms  of  importance  are  recombination  at  higher  pressures  and 
diffusion  at  lower  pressures.  The  results  of  some  crude  calculations 
and  some  ion  sampling  measurements  are  presented  to  support  the  model 
discussed. 

The  research  effort  was  concluded  by  the  design  and  testing  of  suitable 
ion  optics  for  use  in  the  flight  instrument  package.  A simple  and  yet 
highly  efficient  system  resulted  from  these  efforts  and  was  shown  to  be 
compatible  with  the  quadrupole  mass  spectrometer  to  be  used  during  the 
stratospheric  measurement  program. 

A fundamental  question  pertaining  to  the  sampling  of  ions  from  the 
stratosphere  has  been  raised  by  these  studies.  If  the  model  suggested  here 
for  explaining  the  "low  ion  sampling  efficiency"  in  the  laboratory  appara- 
tus is  correct,  the  role  played  by  ion  diffusion  in  the  sampling  process  is 
of  critical  importance.  As  such  diffusion  effects  are  very  dependent  on  the 
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geometry  of  the  sampling  system,  the  present  laboratory  apparatus  is  poorly 
suited  to  evaluate  the  effects  of  diffusion  likely  to  occur  in  the  atmosphere. 

For  the  flight  instrument,  the  ion  sampling  orifice  lies  in  the  center 
of  a large  metal  "plane"  which  is  facing  downward.  If  there  is  no  motion 
between  the  instrument  package  and  the  surrounding  medium,  the  ion  den- 
sities in  the  vicinity  of  the  orifice  will  undoubtedly  be  significantly  reduced 
by  diffusion.  On  the  other  hand,  the  motion  of  the  residual  atmosphere  up, 
down,  or  sideways  relative  to  the  package  will  each  change  the  diffusion 
loss  and  thus  the  overall  ion  sampling  efficiency. 

Many  of  the  above  atmosphere-package  relative  motions  could  be 
simulated  in  the  laboratory  by  "blowing"  air  at  a large  plate  containing  the 
orifice.  Unfortunately,  the  present  apparatus  is  not  nearly  large  enough 
to  accommodate  such  experiments,  having  been  designed  for  a different 
type  of  measurements. 

Nonetheless,  it  appears  that  the  role  played  by  diffusion  in  the  strato- 
spheric ion  density  measurements  must  by  clarified  if  the  results  of  the 
measurements  are  to  be  quantified. 

Thus  the  laboratory  ion  sampling  study  has  made  some  important 
contributions  to  the  overall  stratospheric  measurement  program.  First, 
an  efficient  ion  optical  system  was  developed  for  the  flight  instrument  and 
was  tested,  together  with  the  mass  spectrometer /particle  detector,  under 
conditions  comparable  to  those  used  in  flight.  Second,  it  was  shown  that 
the  orifice  ion  transmission  is  not  strongly  orifice  configuration  or  orifice 
material  dependent  and  varied  approximately  as  the  neutral  gas  flow  con- 
ductance. It  was  also  shown  that  the  role  of  ion  diffusion  in  the  sampling 
process  is  substantial,  and  that  efforts  to  fly  at  lower  altitude  (requiring 
more  pumping  speed)  should  be  made  as  diffusion  losses  fall  rapidly  with 
increasing  pressure. 

Additional  laboratory  studies  (both  experimental  and  theoretical)  on 
the  effects  of  diffusion  on  the  sampling  process  are  needed  if  the  results  of 
any  stratospheric  measurements  are  to  be  placed  on  an  absolute  basis.  It 
is  probable  that  these  authors  will  propose  such  studies  when  the  results  of 
upcoming  stratospheric  ion  density  measurements  become  available. 
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VII.  APPENDIX 


Crucial  to  the  number  of  ions  which  can  be  sampled  from  the 
atmosphere  or  in  the  laboratory  is  the  neutral  gas  flow  conductance  of 
the  sampling  orifices  used.  The  techniques  used  for  evaluating  such  con- 
ductances in  this  study  are  here  reviewed. 

The  conductance  through  an  infinitely  thin-walled  orifice  of  cross 
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section  area  A in  the  molecular  flow  limit  was  deduced  by  Knudsen  to 
be 

fMFL  = 3*  638A  (T/M)1/2,  (18) 

where  T is  the  gas  kinetic  temperature  and  M the  molecular  weight  of  the 
gas  in  amu. 

It  is,  of  course,  not  possible  to  construct  an  orifice  in  an  infinitely 

thin  wall;  in  fact,  such  orifices  must  be  considered  to  be  short  tubes.  A 

multiplicative  factor  K,  the  Clausing  correction,  must  thus  be  incorporated 
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into  equation  (18)  of  the  form 


K 


1 

1 + t/2r 


(19) 


where  t is  the  wall  thickness  and  r the  orifice  radius.  Clausing  factors 

K were  only  crudely  determined  for  these  studies  due  to  the  complexities  of  i 

| 

the  orifice  configurations  used  here,  and  generally  ranged  between  about 
0.  5 and  1 . 0. 
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Liepmann  has  investigated  the  dependence  of  the  orifice  conductance 
on  pressure  in  the  transition  flow  and  viscous  flow  regions.  These  results, 
shown  as  the  ratio  of  the  orifice  conductance  to  the  orifice  conductance  in 
the  molecular  flow  limit,  are  shown  in  Fig.  10,  plotted  against  the  flow 
Knudsen  number  (ratio  of  mean-free-path  to  orifice  diameter).  Note  that 
Liepmann's  results,  the  solid  data  points,  trend  smoothly  from  near  1.0 
to  1.  5 in  the  viscous  flow  regime. 

The  curve  drawn  through  the  data  of  Fig.  10  is  the  present  fit  to  these 
data  resulting  from  a conductance  of  the  form 


walled  aperture  conductance  to  molecular  flow  conductance 
en  numbe  r 
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f(P,  r)  = 5.  56  x 104  j 1 - 0.  3 3 3( X / r)  [l  - e"  r /X]  | Kr2  , (20) 
where  the  Clausing  factor  K has  been  set  to  unity.  Equation  (20)  was  used 
in  the  computation  of  conductances  for  the  studies  reported  here. 
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